Running title: Natural variation in C 4 photosynthesis 24 2 2 Engineering C 4 photosynthesis into C 3 crops such as rice or wheat could substantially 25 increase their yield by alleviating photorespiratory losses 1,2 . This objective is challenging 26 because the C 4 pathway involves complex modifications to the biochemistry, cell biology and 27 anatomy of leaves 3 . Forward genetics has provided limited insight into the mechanistic basis 28 of these characteristics and there have been no reports of significant quantitative intra-29 specific variation of C 4 attributes that would allow trait-mapping 4,5 . Here we show that 30 accessions of C 4 Gynandropsis gynandra collected from locations across Africa and Asia 31 exhibit natural variation in key characteristics of C 4 photosynthesis. Variable traits include 32 bundle sheath size and vein density, gas exchange parameters and carbon-isotope 33 discrimination associated with the C 4 state, but also abundance of transcripts encoding core 34 enzymes of the C 4 cycle. Traits relating to water use showed more quantitative variation than 35 those associated with carbon assimilation. We propose variation in these traits likely adapted 36 the hydraulic system for increased water use efficiency rather than improving carbon fixation, 37 indicating that selection pressure may drive C 4 diversity in G. gynandra by acting to modify 38 water use rather than photosynthesis. As these accessions can be easily crossed and 39 produce fertile offspring, our findings indicate that natural variation within a C 4 species is 40 sufficiently large to allow genetic-mapping of key anatomical C 4 traits and regulators. 41
chloroplasts in BS cells, increased proliferation of plasmodesmata between M and BS cells, and a 48
higher vein density to increase the volume of the leaf occupied by the BS. These morphological 49 alterations to the leaf that facilitate the C 4 cycle are known as Kranz anatomy 9 . Moreover, 50 photosynthesis gene expression is modified such that genes encoding components of the C 4 and 51
Calvin-Benson-Bassham cycles are strongly and preferentially expressed in either M or BS cells 8, 10 . 52 the C 4 pathway has evolved independently more than sixty times in angiosperms 11 , which suggests 54 a relatively straightforward route must allow the transition from the ancestral C 3 to the derived C 4 55 state. Genome-wide analysis of transcript abundance in multiple C 3 and C 4 species has provided 56 unbiased insight into processes that likely change in C 4 compared with C 3 leaves 12-14 . Furthermore, 57 cis-elements that control expression of genes encoding the C 4 cycle have been documented. To 58 date however, the regulators that recognize these motifs have not been isolated 15 . Despite progress 59 in our understanding of C 4 photosynthesis, it is currently not possible to rationally design a C 4 60 pathway in a C 3 leaf. 61
When natural variation is present, it enables quantitative methods such as Genome-Wide 62
Association Studies (GWAS) and/or the development of a mapping population. Molecular marker-63 trait associations on the population allow identification of the causal genes underpinning the variation, 64
which has been used extensively to map loci responsible for numerous complex traits in plants 16 . If 65 such an approach could be applied to study C 4 photosynthesis, then it would expedite discovery of 66 key regulators to engineer increased photosynthetic efficiency in C 3 plants. Interspecific hybrids have 67 been generated between C 3 and C 4 species of the dicotyledon Atriplex 17 . Although progeny 68 possessed variation in C 4 phenotypes, specific traits showed limited penetrance and there were high 69 rates of sterility 18 . In the grasses, Alloteropsis semialata shows natural variation in C 4 parameters 70 and has been classified into C 3 or C 4 subspecies 19, 20 , but there are currently no reports that these 71 populations have been bred. Thus, to our knowledge there are currently no examples that variation 72 in C 4 traits within a single species is sufficient to allow breeding and then molecular trait-mapping. 73
We therefore investigated the extent to which key C 4 traits varied in the C 4 dicotyledonous 74
Gynandropsis gynandra, which is a leafy green vegetable 21 in a clade with both C 3 and C 4 species 22-75 24 . Here we show that accessions of G. gynandra show significant variation in both anatomical and 76 physiological aspects associated with C 4 photosynthesis. These accessions have short generation 77 spans, are sexually compatible and produce fertile offspring. These findings indicate that in a 78 dicotyledonous species that is phylogenetically close to the model Arabidopsis thaliana there is 79 sufficient natural variation to allow the use of classical genetics to identify loci controlling the 80 multifaceted C 4 syndrome. 81
( Supplementary Table 1 ). DNA sequencing and phylogenetic reconstruction generated a taxonomy 83 that was generally consistent with geographical origin but also indicated that the accession from 84
Benin in West Africa was more like the Asian accessions than those from East Africa (Fig. 1a ). These 85 accessions displayed considerable variation in macroscopic characters associated with leaf 86 appearance ( Fig. 1b, Supplementary Fig.1a ). For example, fully expanded leaflets varied in size and 87 shape, and there was also variation in petiole length, presence of trichomes and anthocyanin 88 pigmentation. As there was considerable macroscopic variation in leaf characteristics, we then 89 evaluated these accessions for variation in features of Kranz anatomy. Interestingly, there were 90 statistically significant differences in vein density ( Fig. 1c&d , Supplementary Fig.1b ), cross-sectional 91 area of BS strands ( Fig. 1c&e , Supplementary Fig. 1c ), size of individual BS cells ( Fig. 1f ) and 92 stomatal density ( Fig. 1c&g ). Furthermore, East African accessions showed higher vein density, 93 reduced distance between veins, and a greater stomatal density than Asian lines (Supplementary 94 Fig. 3a -c). Asian accessions typically had larger BS areas and cell sizes than those from the African 95 continent ( Supplementary Fig. 3d&e ). Vein density was inversely correlated with BS area and BS 96 cell size but positively with stomatal density (Supplementary Table 2 ). The average number of BS 97 cells around each vein showed no statistically significant differences between lines (Supplementary 98 Fig. 3f ), but cross-sectional area of the BS and the size of individual BS cells were positively 99 correlated (r=0.8, P<0.0001). We therefore conclude that the area of individual BS cells, rather than 100 the number of these cells per vein bundle, drives the increased BS strand area. This suggests that 101 genetic determinants of cell size rather than cell proliferation are involved in the variation in BS tissue 102 in G. gynandra. Thus, despite the lower phenotypic variation associated with C 4 compared with C 3 103 leaves 25 , our findings demonstrate flexibility is still possible within individual species that are fully C 4 . 104
We next investigated whether differences observed in Kranz anatomy affected photosynthetic 105 performance. For all accessions, their CO 2 response curves (assimilation (A) response to the 106 concentration of CO 2 inside the leaf C i ) were typical of C 4 plants with high carboxylation efficiencies 107 and low CO 2 compensation points G ( Fig. 2a , Supplementary Fig. 4a ). Although parameters 108 associated with instantaneous gas exchange such as maximum rate of photosynthesis (A max ), rate 109 of photosynthesis under the conditions of growth (A 400 ), CO 2 carboxylation efficiencies and G showed 110 little variation between accessions ( Fig. 2b -e, Supplementary Fig. 4b-e ), there were statistically 111 significant differences in transpiration ( Fig. 2f ), stomatal conductance ( Fig. 2g ) and water use 112 efficiency WUE (Fig. 2h ). Furthermore, there was also significant variation in the carbon isotope 113 discrimination against 13 C (d 13 C) in leaf dry matter ( Fig. 2i ), which is a measure of the efficiency of 114 the C 4 carbon pump over the life-time of the leaf. Asian accessions showed reduced discrimination 115 against d 13 C compared with East African lines ( Supplementary Fig. 4i ). These data therefore indicate 116 that the accessions of G. gynandra possess significant variation in parameters linked to the balance 117 between water use and photosynthesis that influenced the efficiency of the C 4 cycle over the life-118 time of a leaf. 119
We next sought to investigate the extent to which transcript abundance of core genes of the C 4 120 cycle differed between the accessions. Interestingly, there were statistically significant differences in 121 the abundance of transcripts encoding Phosphoenolpyruvate carboxylase (PEPC) which catalyses 122 the first committed step of the C 4 cycle, the BS-specific decarboxylase NAD-dependent Malic 123
Enzyme (NAD-ME), the small subunit of RuBisCO (RbcS), and pyruvate,orthophosphate dikinase 124 (PPDK) that regenerates PEP the primary acceptor of HCO 3 -( Fig. 3a ,c,e,g). In all cases, these 125 differences in C 4 transcript abundance were associated with geographical location and phylogenetic 126 position of the accessions, with Asian and West African accessions accumulating greater levels of 127 C 4 transcripts than East African accessions ( Fig. 3b ,d,f,h). Understanding how photosynthesis 128 enzymes become strongly expressed and patterned to either mesophyll or bundle sheath cells of C 4 129 species is a longstanding area of research. However, although progress has been made in 130 understanding cis-elements responsible, there is little known about the transcription factors involved. 131
The intraspecific variation in expression of genes encoding enzymes of the C 4 cycle in G. gynandra 132 therefore provides an opportunity to identify trans-factors important for C 4 photosynthesis. 133
Despite accessions functioning with similar photosynthetic efficiencies under ambient CO 2 and 134 light conditions, when assessed by phylogenetic grouping those with more pronounced Kranz traits 135 (e.g., larger BS tissues and lower vein densities) exhibited increased A max , WUE and d 13 C 136
( Supplementary Fig. 4c ,h,i) and stronger expression of the C 4 cycle (Fig. 3b ,d,f,h). To summarize, 137 compared with East African accessions, Asian and West African accessions tended to have higher 138 WUE, lower density of stomata and veins, and larger BS areas and cell sizes. Lastly, consistent with 139 the higher d 13 C, which is indicative of a stronger C 4 cycle, the Asian and West African accessions 140 had increased expression of genes encoding C 4 enzymes ( Fig. 4) . 141
The considerable variation reported in this study offers a valuable germplasm resource to identify 142 regulators of the C 4 pathway and Kranz anatomy through genetic mapping. All accessions in this 143 study hybridize easily. Emasculation and pollination need only take 15-30 seconds per flower. For 144 example, the most divergent accessions regarding anatomy 'Malaysia-1' X 'Malawi', 'Malaysia-2' X 145 'Malawi', and their reciprocal crosses produce an average 52 ± 11 seeds per silique (n=6), whose 146 offspring are fully fertile. These F 1 hybrid populations provide an excellent breeding foundation to 147 delineate regulatory mechanisms, and also provide an opportunity to test whether the C 4 trait is 148 induced by a master switch 26 , or the action of multiple independent processes 15,27 . The discovery of 149 intra-specific variation in a C 4 grass would be particularly useful in mapping traits relevant to 150 improving photosynthesis in cereals and thus introduce C 4 photosynthesis into C 3 crops. 151
While our understanding of the regulatory mechanisms underlying C 4 metabolism is growing, 152 there is still a significant gap in tools to expand understanding of the regulation behind Kranz 153 anatomy and the C 4 biochemical cycle. Methods such as Quantitative Trait Loci (QTL) mapping or 154 GWAS in G. gynandra or in an equally diverse C 4 species may provide beneficial insights for the 155 regulation of Kranz development. Most trait variation in G. gynandra was associated with 156 characteristics relating to water use that impact on carbon capture. It is noteworthy that modifications 157 to C 3 leaves considered to represent early steps on the path towards the C 4 phenotype are also 158 associated with water use rather than CO 2 fixation 27,28 . As natural vegetation is not considered to be 159 under strong selection pressure to optimize photosynthesis 29,30 , it seems likely that C 4 trait variation 160 continues to be driven by optimizing water use rather than photosynthesis per se. 161
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were grown under identical conditions to those for Kranz measurements for the first three weeks, 183 after which they were re-planted in 13 cm 3 pots with 5:1 M3 soil (Levington Advance, UK) to medium 184 vermiculite soil mixture and moved to a growth room set to 23 °C, 60% RH, ambient [CO 2 ], 350 µmol 185 photons m -2 s -1 PAR with a 16 h photoperiod. Null hypotheses were rejected for specific ANOVA or t-tests for any population with P value ≤ 0.05. TGGATTCGACAACTCCCGTCAAGT TTACAGCCAGAAGGCCGTGTGATA
NAD-DEPENDENT MALIC ENZYME 2 (NAD-ME)
AGGATCGTGAAGGATGTTGAGGCT TTCCTGAATTCCGCTATGGCGTCT
